Brachyury (T), a member of the T-box gene family, is essential for the formation of posterior mesoderm and notochord in vertebrate development. Expression of the Xenopus homologue of Brachyury, Xbra, causes ectopic ventral and lateral mesoderm formation in animal cap explants and co-expression of Xbra with Pintallavis, a forkhead/HNF3b-related transcription factor, induces notochord. Although eFGF and the Bix genes are thought to be direct targets of Xbra, no other target genes have been identi®ed. Here, we describe the use of hormoneinducible versions of Xbra and Pintallavis to construct cDNA libraries enriched for targets of these transcription factors. Five putative targets were isolated: Xwnt11, the homeobox gene Bix1, the zinc-®nger transcription factor Xegr-1, a putative homologue of the antiproliferative gene BTG1 called Xbtg1, and BIG3/1A11, a gene of unknown function. Expression of Xegr-1 and Xbtg1 is controlled by Pintallavis alone as well as by a combination of Xbra and Pintallavis. Overexpression of Xbtg1 perturbed gastrulation and caused defects in posterior tissues and in notochord and muscle formation, a phenotype reminiscent of that observed with a dominant-negative version of Pintallavis called Pintallavis-En R . The Brachyury-inducible genes we have isolated shed light on the mechanism of Brachyury function during mesoderm formation. Speci®cation of mesodermal cells is regulated by targets including Bix1±4 and eFGF, while gastrulation movements and perhaps cell division are regulated by Xwnt11 and Xbtg1. q
Introduction
Brachyury, or T, is the founder member of the T-box family of transcription factors, which is proving to have diverse functions during vertebrate and invertebrate development (Papaioannou and Silver, 1998; Smith, 1999) . Mice that are heterozygous for the Brachyury mutation have a short tail, while homozygous mutant embryos do not form a proper allantois and die lacking a notochord and structures posterior to somite 7 (Dobrovolskaõ Èa-Zavadskaõ Èa, 1927; Chesley, 1935; Gluecksohn-Schoenheimer, 1944) . Brachyury was cloned by Herrmann et al. (1990) , and the gene proved to encode a novel DNA-binding protein that functions as a transcription activator (Kispert et al., 1995; Conlon et al., 1996) .
The mutant phenotype indicates that Brachyury function is essential for normal mesoderm formation, and overexpression experiments in Xenopus show that Brachyury is also suf®cient for the formation of ventral and lateral mesodermal cell types. Thus, misexpression of Xenopus Brachyury (Xbra) in prospective ectodermal tissue causes the formation of mesenchyme and muscle in a dose-dependent fashion and activates the expression of mesoderm-speci®c genes such as cardiac actin (Cunliffe and Smith, 1992; O'Reilly et al., 1995) . Overexpression of Brachyury alone does not cause formation of notochord, but co-expression of Brachyury with the BMP inhibitor noggin (Smith and Harland, 1992; Zimmerman et al., 1996) , or with Pintallavis, a forkhead/HNF3b-related transcription factor (Ruiz i Altaba and Jessell, 1992) , does allow notochord to form (Cunliffe and Smith, 1994; O'Reilly et al., 1995) . Together, these experiments indicate that Brachyury plays a key role in vertebrate mesoderm formation.
The ability of Brachyury to activate transcription is essential if it is to exert its biological effects Conlon and Smith, 1999) , and a key step in understanding Brachyury function is therefore to identify its target genes (Cunliffe and Ingham, 1999; Takahashi et al., 1999) . We have previously used a hormone-inducible Brachyury construct together with subtractive hybridization to search for such targets, and in the course of this work we isolated the Brachyury-inducible genes Bix1±4 (Tada et al., 1998; Casey et al., 1999) . Here we describe the full results of that screen, in which we search not only for targets of Brachyury alone, but also for targets of Brachyury and Pintallavis. Our results suggest that Brachyury targets play roles in the control of gastrulation and the cell cycle as well as the speci®cation of mesoderm.
Results

Hormone-inducible Pintallavis
We have previously described Xbra-GR (Fig. 1A) , a hormone-inducible version of Xbra which is active only in the presence of dexamethasone (DEX) (Tada et al., 1997) . We have made use of this construct to prepare a cDNA library enriched for Brachyury-inducible genes and have thereby identi®ed the homeobox-containing genes Bix1±4, which are expressed in both mesoderm and endoderm and are direct targets of VegT as well as Xbra (Tada et al., 1998; Casey et al., 1999 ). However, as described above, although Xbra can induce animal pole tissue to form posterior and ventral mesoderm, it cannot induce notochord Smith, 1992, 1994; O'Reilly et al., 1995) . Brachyury targets present in the subtracted library are therefore unlikely to include genes expressed in axial mesoderm. To remedy this shortcoming, we decided to make a cDNA library enriched for targets of Xbra plus Pintallavis, a combination of transcription factors which does induce notochord (O'Reilly et al., 1995) . To this end we constructed a hormone-inducible version of Pintallavis, termed Pintallavis-GR (Fig. 1A) .
The hormone inducibility of Pintallavis-GR was tested by injecting Xenopus embryos at the one-cell stage with RNA encoding Xbra-GR alone, or Pintallavis-GR alone, or a combination of the two. Animal caps were dissected at blastula stage 8±9 and were left untreated or exposed to DEX. They were cultured to stage 12 for analysis of Bix1 and Xnot (von Dassow et al., 1993) expression (Fig. 1B) , or ®xed at stage 41 and stained with the notochord-speci®c antibody MZ15 (Smith and Watt, 1985) (Fig. 1C) .
As previously observed (Tada et al., 1998) , Xbra-GR alone induced expression of Bix1 in a DEX-dependent manner (Fig. 1B) , but was unable to induce notochord (data not shown). Slight activation of Xnot was observed in response to Xbra-GR after treatment with DEX (Fig.  1B) . Pintallavis-GR alone was unable to induce Bix1, and caused a slight reduction in Xnot expression. The reason for this suppression of Xnot is unknown. Animal caps expressing Pintallavis-GR alone in the presence of DEX differentiated into ectoderm and did not form notochord (data not shown). When Xbra-GR and Pintallavis-GR RNA were injected together, Xnot was strongly induced in a DEXdependent manner. Bix1 expression was also observed but was slightly lower than that induced by Xbra-GR alone (Fig.  1B) . This may re¯ect the fact that Bix1 is not expressed in the presumptive notochord at these stages (Tada et al., 1998) . Finally, 65% of animal caps (n 20) expressing both Xbra-GR and Pintallavis-GR formed notochord and showed positive staining with MZ15 after treatment with DEX (Fig. 1C) .
Additional experiments (data not shown) demonstrated that expression of Pintallavis-GR in intact embryos caused a loss of anterior neural structures such as cement gland and eye and a shortening of the embryonic axis. This phenotype occurred in a DEX-dependent manner, and resembled the effects of wild-type Pintallavis (Ruiz i Altaba and Jessell, 1992) .
Together, these results con®rm that Pintallavis can act synergistically with Xbra to induce notochord (O'Reilly et Fig. 1 . Hormone-dependent induction of notochord in animal cap tissues by co-expression of Xbra-GR and Pintallavis-GR. (A) Schematic illustration of hormone-inducible Xbra and Pintallavis. The hormone-binding domain of the human glucocorticoid receptor (GR) was fused to the carboxy-terminus of full length Xbra and Pintallavis. Stop codons of both genes were replaced with two amino acids (D and L) creating a BglII site (AGATCT) (see Tada et al., 1997) . (B) RNAase protection assay of Bix1, a direct target of Xbra, and Xnot in animal caps expressing either Xbra-GR or Pintallavis-GR alone or a combination of the two. Pintallavis-GR alone could not induce either Bix1 or Xnot. Bix1 and Xnot were induced by Xbra-GR alone in a hormone (DEX)-dependent manner. Bix1 expression was induced by co-expression of Xbra-GR and Pintallavis-GR but at a slightly reduced level, while Xnot expression was enhanced. (C) DEX-dependent notochord formation in animal caps co-expressing Xbra-GR and Pintallavis-GR. Animal caps were ®xed at stage 41 and stained with the notochord-speci®c antibody MZ15. Neither Xbra-GR nor Pintallavis-GR alone could induce ectopic notochord formation in animal caps (data not shown). al., 1995) , and demonstrate that Pintallavis-GR acts in a hormone-dependent manner. This co-expression system can therefore be used in a screen to isolate targets of Xbra and Pintallavis.
Screening for Brachyury-inducible genes
We have previously made use of Xbra-GR to construct a cDNA library enriched for Brachyury-inducible genes (BIGs) (Tada et al., 1998) . In a preliminary screen we isolated Bix1, a paired-like homeobox gene, and three highly related genes, Bix2±4, which proved to be direct targets of Xbra and VegT (Tada et al., 1998; Casey et al., 1999) . Extensive screening of this library by sequencing, Northern blotting and in situ hybridization has now resulted in the isolation of two additional Brachyury-inducible genes (Table 1) . From 260 independent cDNA clones analyzed, Bix1 (and in the form of the closely-related Bix3) is represented twice. Prominent amongst the others are the previously-identi®ed Xwnt11 (Ku and Melton, 1993) and 1A11 (Greene et al., 1993) , which appeared 7 and 13 times, respectively.
Xwnt11 is expressed maternally in Xenopus, and its zygotic expression has not previously been described. In situ hybridization analysis shows that Xwnt11 is expressed throughout the marginal zone during gastrula stages in a pattern reminiscent of that of Xbra ( Fig. 2A,B) . To determine whether Xwnt11 is a direct target of Xbra, Xbra-GR RNA was injected into Xenopus embryos at the one-cell stage and animal caps were dissected at blastula stage 8. The caps were left untreated or were treated with DEX in the presence or absence of cycloheximide (CHX) from stage 8 or stage 10 for 3 h when they were subjected to RNAase protection analysis. Fig. 3 shows that Xwnt11 is induced by Xbra-GR in a DEX-dependent manner, and that induction is not inhibited by cycloheximide. Indeed, at stage 10, induction of Xwnt11 by DEX was increased by cycloheximide, although weak expression of Xwnt11 was also induced by CHX alone, suggesting the existence of a labile repressor of Xwnt11 expression. Because it can be induced in the absence of protein synthesis, Xwnt11 is likely to be a direct target of Xbra. Recent experiments suggest that Xwnt11 acts downstream of Xbra to regulate the convergent extension movements of gastrulation (M.T. and J.C.S., in preparation; Conlon and Smith, 1999) .
BIG3 was originally isolated as 1A11, a gene induced in animal caps by both FGF and activin. Its cDNA possesses direct repeats at its ends which are characteristic of retrotransposons (Greene et al., 1993) . The longest BIG3 open reading frame codes for a 71 kDa protein with limited homology to the RNA-binding motif of the gag protein and to aspartic protease (Greene et al., 1993) . We also noticed an ATP/GTP-binding site motif (Walker's motif A) at amino acids 284±291 (GDIIPGKT; consensus is GXXXXGKT/S). The BIG3 transcript appears shortly after the mid-blastula transition and is expressed in the marginal zone during gastrulation (Greene et al., 1993) ( Fig. 2C) . Expression of BIG3 differs from that of Xbra in that it is expressed throughout the entire mesodermal mantle, and not just in involuting cells. Overexpression of BIG3 in the whole embryo has no effect on development (data not shown). In contrast to Xwnt11, BIG3 appears not to be a direct target of Xbra because its induction by Xbra-GR and DEX is inhibited by cycloheximide (see Fig. 6B ).
Screening for Brachyury-and Pintallavis-inducible genes
The search for genes induced by Xbra alone has yielded four candidates: eFGF (Isaacs et al., 1994) was identi®ed by guesswork , while the Bix family (Tada et al., 1998) , Xwnt11 and BIG3/1A11 were isolated through the screen described in this paper. Of these genes, the ®rst three appear to be direct targets of Xbra, in that they are induced by Xbra-GR in the presence of cycloheximide, while BIG3/1A11 may be an indirect target. It is unlikely that further screening of the subtracted cDNA library will yield many additional targets, because of the three genes isolated in the present screen each has been isolated more than once, with BIG3/1A11 isolated no fewer than 13 times ( Table 1) . As discussed below, it is likely that other genes are induced by Xbra (indeed, our screen did not identify eFGF, which is undoubtedly a bona ®de Xbra target; Casey et al., 1998) , but it is likely that these genes are, like eFGF, expressed at low levels, and their isolation will be troublesome.
One possibility, however, is that Xbra acts with other transcription factors in the speci®cation of mesodermal cell types, and one likely candidate is Pintallavis; Xbra alone, for example, cannot induce notochord, whereas coexpression of Xbra and Pintallavis does induce axial mesoderm (O'Reilly et al., 1995) (Fig. 1C) . We therefore a The table shows the frequency with which the indicated genes were isolated out of a total of 260 clones picked. prepared a cDNA library enriched for targets of Xbra and Pintallavis and screened it as described in Section 4. Of 960 clones tested, 71 proved to be enriched in the subtracted library, and of these 21 were con®rmed by Northern blotting to be induced in a DEX-dependent manner in animal caps co-expressing Xbra-GR and Pintallavis-GR (data not shown). Sequencing of these clones showed that they represented ®ve genes ( Table 2) . Three of the genes proved to be identical to those isolated in the screen described above, namely Xwnt11, BIG3/1A11 and Bix3. The other two genes encode the zinc-®nger protein Xegr-1 (Panitz et al., 1998 ) and a putative homologue of BTG1 (Rouault et al., 1992) , the founder member of a family of antiproliferative proteins. The 19 kDa protein encoded by Xenopus BTG1 (Xbtg1) contains 169 amino acids and shows high homology with BTG1 proteins of other vertebrates (Fig. 4) .
Xegr-1 and Xbtg1 are both expressed in the prospective mesoderm
The additional genes isolated in the screen for targets of Xbra and Pintallavis, Xegr-1 and Xbtg1, are both expressed strongly in the mesoderm of the Xenopus early gastrula, with highest expression on the dorsal side ( Fig. 5A ,B) (Panitz et al., 1998) . Weak expression of Xbtg1 was also observed in the animal pole region, and this persists during gastrulation. As gastrulation proceeds, expression of both genes is observed throughout the marginal zone extending towards the dorsal midline ( Fig. 5D,E) . By the neurula stage, however, expression of Xegr-1 was excluded from the notochord, while Xbtg1 continued to be expressed dorsally ( Fig. 5G,H ). These patterns of expression resemble those of Xbra and Pintallavis at the early gastrula stage, but do differ slightly by neurula stages.
Xegr-1 is a target of both Xbra and Pintallavis
To con®rm that Xegr-1 is a target of Xbra and Pintallavis, embryos at the one-cell stage were injected with RNA encoding wild-type versions of the two genes, either alone or in combination. Animal caps were dissected at mid-to late-blastula stage 8±9, cultured to stage 10.5, and assayed by RNAase protection. Weak expression of Xegr-1 was induced by Xbra or Pintallavis alone, but highest expression was induced by a combination of the two genes ( Fig. 6A ).
To determine whether Xegr-1 is a direct target of these transcription factors, Xbra-GR and Pintallavis-GR were expressed either alone or together in animal cap explants and the effect of cycloheximide on DEX-dependent induction of Xegr-1 was assayed by RNAase protection (Fig. 6B) . Analysis of these experiments was complicated by the fact that cycloheximide alone caused signi®cant, and somewhat variable, induction of Xegr-1 (Fig. 6B, lane 3) . Nevertheless, since expression of Xegr-1 in response to Xbra-GR plus DEX is reduced signi®cantly by cycloheximide, we conclude that Xegr-1 is an indirect target of Xbra alone. This conclusion is consistent with results indicating that Xbra induces Xegr-1 through the FGF/MAP kinase/Ets-SRF signal transduction pathway (Panitz et al., 1998 ; see also Schulte-Merker and Smith, 1995) .
In contrast, our results are consistent with the idea that Xegr-1 is a direct target of Pintallavis plus Xbra, because when Pintallavis-GR was expressed together with Xbra-GR, cycloheximide treatment did not reduce DEX-dependent induction (Fig. 6B, lane 16) . In this connection we have been unable to identify T-box binding sites (Kispert and Herrmann, 1993; Casey et al., 1998 Casey et al., , 1999 Tada et al., 1998) within 3 kb of the Xegr-1 transcription start site (Panitz et al., 1998 ), but we do note the presence of several Pintallavis binding sites (Kaufmann et al., 1995) of varying af®nities, including a particularly strong site at 21730 nucleotides (Fig. 7) .
The role of Xegr-1 in early development is unknown; overexpression of wild-type or putative dominant-negative forms of the protein have no apparent effect on early development (Panitz et al., 1998 ).
Xbtg1 is a target of both Xbra and Pintallavis
Attempts to assay the induction of Xbtg1 in response to Xbra-GR and Pintallavis-GR were hampered by the low expression of Xbtg1 in control animal pole regions during Fig. 3 . Xwnt11 is a direct target of Xbra. Animal caps expressing Xbra-GR were dissected at stage 8 and were either left untreated or were treated with DEX in the presence or absence of cycloheximide (CHX) from stage 8 or 10 for 3 h. ODC serves as a loading control. Expression of Xwnt11 is induced by DEX even in the presence of cycloheximide. early gastrula stages. We therefore made use of interfering forms of Xbra and Pintallavis. Xbra-En R , in which the transcriptional repressor domain of the Drosophila engrailed protein is fused to the DNA-binding domain of Xbra, has been described previously . An interfering form of Pintallavis, Pintallavis-En R , was based on Fig. 4 . Amino acid sequence alignment of vertebrate BTG1 proteins. 8G4 was isolated in a gene expression screen in Xenopus (Gawantka et al., 1998) . It is likely to be a pseudo-allele of Xbtg1. Discrepancies between Xbtg1 and 8G4 are underlined. Amino acids that are conserved among all the vertebrate species are highlighted. Amino acid numbers are indicated on the right. The % identities to the Xbtg1 amino acid sequence are 92% (8G4), 75% (chick) and 74% (bovine, rat, human). The nucleotide sequence data of Xbtg1 will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession number AB028243. the same principle, and comprised the engrailed repressor domain fused to the DNA-binding domain of Pintallavis (Fig. 8A) . We have previously demonstrated that Pintallavis acts as a transcription activator (Morgan et al., 1996) .
The activity of Pintallavis-En R was tested by injecting 100 pg Pintallavis-En R RNA into each blastomere of Xenopus embryos at the two-cell stage. Such embryos appeared normal until the beginning of gastrulation, with normal appearance of the dorsal blastopore lip, but subsequent convergent extension movements were severely inhibited and gastrulation was blocked (data not shown). This gastrulation defect is reminiscent of that observed in ascidian embryos injected with antisense oligonucleotides directed against MocuFH1, an ascidian homologue of HNF3b (Olsen and Jeffery, 1997) . The phenotype differs from that observed following injection of RNA encoding wild-type Pintallavis into Xenopus embryos (Ruiz i Altaba and Jessell, 1992; our unpublished observations), but the fact that Pintallavis-En R and wild-type Pintallavis both affect gastrulation has confounded our attempts to`rescue' the effects of the former by co-injection of the latter.
By tadpole stage 35/36, these embryos had severe posterior truncations as well as disruption of head structures such as eyes and cement gland (Fig. 8H) . Further analysis using antibodies speci®c for notochord and muscle revealed that embryos expressing Pintallavis-En R have truncated notochords which are often split or signi®cantly thickened (Fig. 8I,J) . Otic vesicles, which are evident in control embryos (Fig. 8E,F, arrowheads) , are often reduced or absent. Muscle development was also severely perturbed by injection of RNA encoding Pintallavis-En R , with somites, for example, appearing unsegmented (Fig. 8K) .
These results contrast with those obtained in the mouse, where HNF3b is essential for node and notochord formation (Ang and Rossant, 1994; Weinstein et al., 1994) . It is possible in Xenopus that other HNF3b-related proteins such as XFD-2 and XFD-3 (Kno Èchel et al., 1992) can substitute for Pintallavis.
To examine the requirement for Xbra and Pintallavis function in the expression of Xbtg1, 100 pg RNA encoding either Xbra-En R or Pintallavis-En R was injected into a single tier C blastomere of Xenopus embryos at the 32-cell stage. Expression of Xbtg1 was then analyzed by in situ hybridization at stage 10.5. Both interfering constructs caused a slight down-regulation of Xbtg1 expression (Fig.  8P,Q) . However, when Xbra-En R and Pintallavis-En R were injected simultaneously, this time into a single vegetal blastomere of Xenopus embryos at the eight-cell stage, Xbtg1 expression was completely extinguished (Fig. 8R) . These results indicate that Xbtg1 is a target gene of both Xbra and Pintallavis.
Overexpression of Xbtg1 in vivo prevents gastrulation movements
The function of Xbtg1 was tested by overexpression in whole embryos. Xbtg1 RNA (500 pg) was injected into each blastomere of Xenopus embryos at the two-cell stage. Such embryos cleaved normally, but gastrulation was signi®-cantly impaired (Fig. 8B,C) . A preliminary analysis of the cell cycle in such embryos (Fig. 8B,C) , using an antibody speci®c for the phosphorylated from of histone H3, revealed that the mitotic index was reduced from control levels of 5.3 to 2.9%. This is unlikely to be the primary cause of the disruption of gastrulation, however, because gastrulation in Xenopus can proceed in the virtual absence of cell division (Cooke, 1973) . By tadpole stage 35/36 axial structures were greatly reduced and head structures were malformed, with eyes frequently absent (Fig. 8L) . The notochords of such embryos were truncated, and frequently split and sometimes enlarged (Fig. 8M,N) compared with normal embryos (Fig.  8E,F) . Muscle development was also perturbed, with (Kaufmann et al., 1995) .
32 P-Labelled XFD-1 probe was incubated with either reticulocyte lysate alone (lane 2) or with Pintallavis protein synthesized in vitro by reticulocyte lysate (lane 3). Competition was carried out by incubating the Pintallavis protein, prior to the addition of the 32 P probe, with a 100-fold excess of unlabelled XFD-1 (lane 4) or a mutated version of XFD-1 (mutXFD-1; lane 5) which has a single base substitution (GTCAACA to TTCAACA in the 7 base pair core sequence of the consensus). The retarded band was competed out by the XFD-1 (lane 4) but not by mutXFD-1 (lane 5), showing that the DNA-protein complex formation is speci®c. (B) Competition experiments using the doublestranded oligonucleotides listed in (C) as cold competitors. In vitro synthesized Pintallavis protein was incubated either without competitor (lane 3) or with 10-(even-numbered lanes) or 50-fold excess (odd-numbered lanes) of unlabelled competitors indicated above (lanes 4±21), prior to the addition of 32 P-labelled XFD-1 probe. (C) The sequences of double-stranded oligonucleotides used in the gel retardation assay. The central 18 base pair of all sequences are¯anked by CAGT at the 5 H end and ACGT at the 3 H end for 32 P-labelling, which are indicated by italics. The sequence of XFD-1 is adopted from one of the three DNA recognition sites selected by PCR-based binding site selection (Kaufmann et al., 1995) . The consensus sequence is compiled from the results of the binding-site selection (Kaufmann et al., 1995) . The central 18 base pair sequence of #1 to #4 can be found in the 5 H upstream region and those of #5 to #8 in the ®rst intron of Xegr-1 (Panitz et al., 1998) . Nucleotide positions are relative to the transcription start site. Sequences which match the consensus are underlined. The orientation of the sequences relative to the direction of transcription are also indicated. The binding strength determined by the competition assays are indicated on the right most column. A single cell of embryos at the 8-or 32-cell stage was injected with Xbra-En R (P), Pintallavis-En R (Q) or both (R), together with lineage tracer Fluorescein-dextran (red). The injected embryos were ®xed at stage 10.5 and were hybridized with Xbtg1 probe (blue). segmentation being disrupted (Fig. 8O ) compared with normal embryos (Fig. 8G) .
Discussion
The transcription activator Brachyury plays an essential role in mesoderm formation. To understand how it exerts its effects, it is necessary to isolate its target genes and analyze their functions. In this paper we describe a screen designed to isolate targets of Xbra as well as targets of Xbra and Pintallavis, a combination of transcription factors which, unlike Xbra alone, induces notochord. In the course of our screen we identi®ed ®ve genes (see Tables 1 and 2 ): Xwnt11 (Ku and Melton, 1993) , Bix1±4 (Tada et al., 1998) , BIG3 (1A11) (Greene et al., 1993) , Xegr-1 (Panitz et al., 1998) and Xbtg1 (this study). We have shown that the Bix genes are bona ®de targets of Xbra and VegT (Casey et al., 1999) , thus validating our approach. The modes of activation and functions of these genes are discussed below.
Xwnt11
Xwnt11 has been described previously as a vegetallylocalized maternal member of the Wnt family (Ku and Melton, 1993) , but consistent with the idea that it is an Xbra target, we ®nd that its zygotic expression resembles that of Xbra (Fig. 2B) . Induction of Xwnt11 by Xbra-GR in response to DEX is not inhibited by cycloheximide, suggesting that Xbra activates expression of Xwnt11 directly. Xwnt11 was isolated seven times in the ®rst screen described in this paper, and three times in the second, suggesting that it is a major target of Xbra. Recent results suggest that Xwnt11 acts downstream of Xbra in the control of gastrulation (M.T. and J.C.S., in preparation; Conlon and Smith, 1999) .
BIG3
BIG3, or 1A11, was originally isolated as a cDNA clone which is activated by the mesoderm inducing factors FGF and activin (Greene et al., 1993) . One feature of the BIG3 transcript is a 220 base pair direct repeat at its ends, suggesting that it is derived from a retrotransposon-like element (Greene et al., 1993) . However, there is little additional similarity with other retrotransposons, suggesting that it is unable to transpose by itself. The longest open reading frame in the BIG3/1A11 transcript encodes a 71 kDa protein which shows limited homology to the gag protein of retrovirus and to aspartic protease (Greene et al., 1993) . We also noticed an ATP/GTP-binding site motif (Walker's motif A).
BIG3/1A11 was isolated 13 times in the ®rst screen described in this paper, and 10 times in the second, and was therefore the most frequently isolated clone. Although there is a potential T-box binding site about 350 base pairs upstream of the longest BIG3/1A11 open reading frame (CACACCT at 981±987; Greene et al., 1993) , it seems likely that the activation of BIG3/1A11 by Xbra is largely indirect, because it is inhibited by cycloheximide (Fig. 6B) . BIG3/1A11 is expressed in the prospective mesodermal cells during gastrulation, and this expression pattern is consistent with the idea that it is involved in mesoderm formation. However, we observed no effect of the 71 kDa protein on early development when it was overexpressed in the embryo by RNA injection (data not shown).
Xegr-1
Xegr-1, a Xenopus homologue of Egr1 (also called Krox24, NGFI-A or zif/268) is a member of a subfamily of zinc-®nger transcription factors (see Panitz et al., 1998) . Expression of Xegr-1 can be induced by both Xbra and Pintallavis, with maximal expression being induced by a combination of the two transcription factors (Fig. 6A) . Our results (Fig. 6B) indicate that induction of Xegr-1 by Xbra is indirect, and the likelihood is that induction occurs through the induction of eFGF and the subsequent activation of the MAP kinase/Ets-SRF signal transduction pathway (Panitz et al., 1998) . The effects of Pintallavis in up-regulating Xegr-1 expression may, however, be direct. We note that there are Pintallavis binding sites within the Xegr-1 promoter (Fig. 7) , and that cycloheximide does not reduce induction of Xegr-1 by the combined action of Xbra and Pintallavis (Fig. 6B) . In this connection, it is interesting that expression of Xegr-1 at the early gastrula stage resembles that of Pintallavis in that transcripts ®rst appear at the dorsal blastopore lip region and then form a dorso-ventral gradient in the marginal zone (Fig. 5A,C) (Ruiz i Altaba and Jessell, 1992; Panitz et al., 1998) .
Egr1 was originally identi®ed as an immediate early response gene to various mitogenic stimuli including growth factors such as FGF (reviewed in Gashler and Sukhatme, 1995) . Although Egr1 has been proposed to have diverse roles in cell growth, division and differentiation (reviewed in Gashler and Sukhatme, 1995) , its function in vivo remains to be determined. Targeted mutagenesis of mouse Egr1 causes infertility, but leads to no obvious embryonic phenotype (Lee et al., 1996; Topilko et al., 1997) , perhaps because of functional redundancy with related members of the EGR family such as Egr2/Krox20, Egr3 and Egr4/NGFI-C. Similarly, the in vivo function of Xegr-1 remains unknown. Overexpression of wild-type and dominant-negative forms of Xegr-1 has no obvious effect on development, and inhibition of Xegr-1 by dominant-negative Elk1 does not inhibit elongation of animal caps induced by activin or eFGF (Panitz et al., 1998) .
Xbtg1
The ®nal target identi®ed in this screen is a Xenopus homologue of BTG1, Xbtg1, which is a target of both Xbra and Pintallavis. The expression pattern of Xbtg1 during gastrula stages closely resembles those of Xbra and Pintallavis (Fig. 5B,E) , and inhibition of Xbra and Pintallavis function causes loss of Xbtg1 expression (Fig. 8P±R) .
BTG1 is a putative tumour suppressor which is highly conserved among the vertebrates (Fig. 4) , and is the founder member of the BTG gene family which is characterized by an N-terminal domain of over 120 amino acids (Guehenneux et al., 1997) . BTG1 and BTG2 (also called TIS21 or PC3) interact with a human and mouse homologue of yeast CAF1 (carbon catabolite repressor protein-associated factor 1) (Bogdan et al., 1998; Rouault et al., 1998) . These gene products can also bind to protein-arginine N-methyltransferase and may regulate its activity (Lin et al., 1996) . Tob, another member of BTG gene family, was originally isolated as a protein which interacts with the ErbB2 receptor protein tyrosine kinase through its C-terminus (Matsuda et al., 1996) .
Although its precise function is unknown, BTG1, along with other members of this gene family, is implicated in the negative control of the cell cycle (Rouault et al., 1992 (Rouault et al., , 1996 Matsuda et al., 1996; Yoshida et al., 1998) . BTG1 expression is maximal at the G0/G1 phase of the cell cycle and it suppresses proliferation when overexpressed in NIH3T3 cells (Rouault et al., 1992) . Interestingly, Egr1 transcript levels have also been shown to peak at the G0/G1 phase of the cell cycle after mitotic stimuli (reviewed in Gashler and Sukhatme, 1995) . Expression of BTG2 has been demonstrated to be induced through a p53-dependent mechanism and BTG2 inactivation in ES cells leads to a disruption of DNA damage-induced G2/M arrest and a marked increase in cell death (Rouault et al., 1996) .
Overexpression of Xbtg1 interferes with convergent extension movements in gastrula-stage embryos and leads to posterior truncations and abnormal development of dorsal mesodermal derivatives such as notochord and muscle (Fig.  8L±O ). This phenotype resembles that observed when a dominant-negative version of Pintallavis, Pintallavis-En R , is expressed in Xenopus embryos (Fig. 8H±K) . This similarity in phenotypes is surprising, because Pintallavis-En R suppresses expression of Xbtg1 rather than activating it (Fig.  8Q) . It is possible that overexpression of Xbtg1 perturbs the function of the endogenous gene, perhaps by disturbing the normal graded pattern of expression of the gene at the early gastrula stage or by disrupting variations in transcript levels at different stages of the cell cycle. This is under investigation.
Preliminary experiments indicated that Xbtg1 overexpression in the whole embryo caused a reduction in cell division, as assayed by the percentage of cell nuclei reacting with an antibody which detects mitosis-speci®c phosphorylation of histone H3. It is worth noting that Xwnt11, which is induced by Xbra in an immediate-early fashion (Fig. 3) , also regulates gastrulation movements (M.T. and J.C.S., unpublished data), and Xbtg1 may act co-operatively with Xwnt11 or be a target of Xwnt11.
Have all Xbra targets been isolated?
In the course of this work, we have screened a total of 1220 cDNAs and isolated ®ve genes induced by Xbra alone or by the combined actions of Xbra and Pintallavis. With the exception of Xbtg1, each gene has been isolated more than once, with BIG3/1A11 isolated 23 times and Xwnt11 10 times. These ®gures suggest that we have isolated most genes that are rapidly and strongly up-regulated by Xbra and Pintallavis. It is certain, however, that other genes which are expressed more weakly have eluded us. For example, we have not identi®ed eFGF (which is expressed at very low levels) even though we know it is a direct target of Xbra . Another possible target is Xnot, whose expression is induced by Xbra-GR as well as by Xbra-GR plus Pintallavis-GR (Fig. 1) . Finally, it is possible that there are genes which are not induced by Xbra alone, or by a combination of Xbra and Pintallavis, but are activated by different combinations of transcription factors such as Xbra and VegT (see Casey et al., 1999) .
Our screen might be compared with a recent screen searching for notochord-speci®c targets of ascidian Brachyury (Takahashi et al., 1999) . In these experiments Ciona Brachyury (Ci-Bra) was misexpressed in a population of Ciona embryos and a subtractive library was prepared which was enriched for genes induced by Ci-Bra. Of 501 cDNAs tested, 38 proved to be speci®cally expressed in the notochord. Some of these, such as a collagen a1 (XI) chain may be involved in terminal differentiation of the notochord, and the greater number of clones isolated in the ascidian screen may re¯ect the fact that we have concentrated on rapidly-induced genes, which inevitably will be present in smaller number.
3.6. Are these isolated targets suf®cient to substitute Xbra/ Pintallavis function?
Expression of Xbra is suf®cient to cause ectopic mesoderm formation in animal cap explants (Cunliffe and Smith, 1992) , and in combination with Pintallavis it can induce notochord formation (O'Reilly et al., 1995) (Fig. 1C) . If we were able to isolate the complete spectrum of Xbrainducible genes we should be able to use them in combination to substitute for the ability of Xbra to form mesoderm. Thus, we note that eFGF, which we identi®ed as a target of Xbra through guesswork , and whose role may be to maintain Xbra expression, can itself act as a mesoderm-inducing factor (Isaacs et al., 1994; SchulteMerker and Smith, 1995) . In addition, one of the early targets identi®ed in our screen, Bix1, can substitute at least in part for Xbra function, because misexpression of this gene in animal caps can induce ventral mesoderm as well as endoderm (Tada et al., 1998) , as can misexpression of Bix4 (Casey et al., 1999) . However, in addition to specifying mesoderm, Xbra controls the convergent extension movements of gastrulation Conlon and Smith, 1999) , and some Xbra targets must also regulate this activity. Xwnt11 is one strong candidate for this role.
Our initial objective was to make use of Pintallavis-GR in combination with Xbra-GR to identify genes which may be crucial for notochord formation. As Xegr-1 can be induced by both Xbra and Pintallavis, it is a strong candidate for one of such genes. However, a dominant-negative version of Xegr-1 had no obvious effect on embryogenesis (Panitz et al., 1998) . Xbtg1 is another candidate gene which involves in notochord formation because its misexpression in the whole embryo can perturb notochord development (Fig.  8M,N) as well as interfere with gastrulation.
Analysis of the Brachyury-inducible genes we have isolated suggests that Brachyury has two major functions: speci®cation of mesodermal cell type and the regulation of gastrulation. Mesodermal speci®cation is controlled by targets including eFGF and Bix1±4, while gastrulation movements are regulated by targets such as Xwnt11 and Xbtg1. We note that Xbtg1 expression also requires Pintallavis activity, and the expression of Pintallavis in axial mesoderm may therefore be associated with the dramatic convergent extension movements that occur in this tissue. Detailed study of these Brachyury-or Pintallavis-inducible genes should shed new light on mesoderm formation and gastrulation, and we also plan to ask whether Xegr-1 and Xbtg1 play a role in the regulation of the cell cycle in the early embryo.
Experimental procedures
Embryonic manipulations
Fertilization, culture and microinjection of Xenopus embryos were as described (Tada et al., 1997) . Embryos were staged according to Nieuwkoop and Faber (1975) . Protein synthesis inhibition experiments were performed as described (Smith et al., 1991) except that animal caps were incubated with 10 mg/ml cycloheximide in 75% normal amphibian medium (NAM) (Slack, 1984) .
Construction of a subtracted library and screening of libraries
Two subtraction strategies were employed. The ®rst involves Xbra-GR alone and has been described previously (Tada et al., 1998) . The second utilized both Xbra-GR and Pintallavis-GR. In the second approach, Xenopus embryos were injected at the one-cell stage with either 50 or 80 pg RNA encoding Xbra-GR together with 20 pg of RNA encoding Pintallavis-GR. Animal caps were dissected from these embryos at stage 9. They were cultured for 3 h in the presence or absence of 1 mM dexamethasone (Tada et al., 1997) and poly(A) 1 RNA was then prepared from 775 untreated or 775 dexamethasone-treated caps. cDNA was prepared using the CapFinder PCR cDNA synthesis kit (Clontech) and the cDNA pools were subsequently used for the subtraction reaction as well as for full length cDNA library construction according to the manufacturer's instruction. Lambda ZAPII vector (Stratagene) was used for the full length library construction. At the same time a reverse subtracted cDNA pool was prepared as a reference probe for the differential screening described below. A subtracted library, enriched for Xbra-or Pintallavis-inducible cDNAs, was prepared using the PCR-Select cDNA subtraction kit (Clontech), which makes use of the technique of suppression PCR (Hubank and Schatz, 1994) . Subtracted fragments were cloned into pGEM-T vector (Promega). Subtracted cDNA clones were initially screened by a differential screening according to the manufacturer's manual. Brie¯y, 960 independent cDNA inserts were ampli®ed from each plasmid clone by PCR and dot-blotted onto nylon membranes (Amersham Hybond N1). Subsequently, the membranes were probed with a subtracted cDNA pool as well as a reverse cDNA pool and clones were selected which gave a positive signal when probed with the subtracted cDNA pool but not with the reverse cDNA pool. Full length Xbtg1 cDNA and a partial Xegr-1 cDNA were obtained by screening the Lambda ZAPII cDNA library.
Plasmid constructs and in vitro transcription
Xbra-GR RNA was prepared from pSP64T-Xbra-GR as described (Tada et al., 1997) . Xbra-En R RNA was prepared from pSP64T-Xbra-En R as described . The Pintallavis-GR construct was generated by fusing the human glucocorticoid receptor (hGR) at the C-terminus of Pintallavis. A BglII site was introduced at the 3 H end of the coding region of Pintallavis cDNA in pSP64T (Ruiz i Altaba and Jessell, 1992) by PCR-directed mutagenesis. A HindIII-BglII fragment of pSP64T-Xbra-GR containing the Xbra coding region was replaced by a HindIII-BglII fragment containing the coding region of Pintallavis. A Pintallavis-En R construct was generated by replacing the Xbra ORF of Xbra-En R with the DNA-binding domain of Pintallavis (amino acids 85±241). The DNAbinding domain of Pintallavis was ampli®ed by PCR. The oligonucleotides used were ATGGCTCCTCCACCTTC and CTGGAGGAAACTTAAAGATCGAT.
RNA preparation, Northern blotting and RNAase protection
RNA preparation and RNAase protection analyses were performed as described (Tada et al., 1997) except that lithium precipitation was omitted. Samples were analyzed with probes speci®c for ODC (Isaacs et al., 1992) , Bix1 (Tada et al., 1998) and Xnot2 (von Dassow et al., 1993 ). An Xegr-1 probe was prepared from clone 4-8A, which was isolated from the subtracted library and contains a 704 bp RsaI fragment. The plasmid was linearized using HindIII and transcribed with T7 RNA polymerase. A BIG3 probe was prepared from pBIG3D, which comprises the 250 bp of the 5 H end of the BIG3 ORF. The cDNA was cut with XhoI and transcribed with T3 RNA polymerase. Northern blotting was performed as described (Sambrook et al., 1989) , using randomly-primed probes.
In situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was performed as described (Harland, 1991) except that BM purple was used as substrate and RNAase treatment was omitted. Whole-mount immunohistochemistry was carried out using the monoclonal antibody MZ15, speci®c for notochord (Smith and Watt, 1985) , or an antibody recognizing the phosphorylated form of histone H3 (Upstate Biotechnology, 1 mg/ml), speci®c for cells in mitosis (Hendzel et al., 1997) . Secondary antibodies were HRP-conjugated sheep anti-mouse Ig (Amersham, 1:200) or goat anti-rabbit IgG (BioRad, 1:1000), respectively. Immunolocalization of the lineage tracer FLDx was carried out as described (Jones and Smith, 2000) . Following whole-mount staining with the anti-phosphohistone antibody, embryos were sectioned and stained by the Feulgen technique (Smith, 1993) .
DNA gel-shift assays
Full-length Pintallavis protein was synthesized in rabbit reticulocyte lysate (Promega), using 2 mg of in vitro synthesized Pintallavis RNA as substrate in a 50 ml reaction. The in vitro translation reaction was performed according to the manufacturer's instruction except that amino acid mixture (minus leucine) was added instead of [ 35 S]methionine. The in vitro translation reaction mixture containing Pintallavis protein was diluted four-fold with binding buffer (20 mM Tris (pH 7.8), 50 mM KCl, 1 mM EDTA, 1 mM DTT, 10% (v/v) glycerol) and used for the binding reaction. The probe (XFD-1 in Fig. 7C ) was labelled by a ®ll-in reaction of the four bases at the 3 H end of both strands with [a-32 P]dATP and [a-32 P]dCTP. Diluted in vitro translated Pintallavis protein (1 ml) was incubated with 1±2 ng labelled probe and 1 mg of double strand poly(dI-dC) (Pharmacia Biotech) in the binding buffer in 15 ml reaction for 20 min at room temperature. In the competition assay, unlabelled probe was incubated for 10 min at ambient temperature prior to the addition of labelled probe. The sequences of cold probes used in the competition assay are listed in Fig. 7C . The sequence of mutXFD-1 is CAGTACCGAGTTTCAA-CACGTGACTG. After binding reactions, samples were run in non-denaturing polyacrylamide gel (5% acrylamide/ bisacrylamide (37.5:1), 0.5£ TBE, 1% glycerol) at 48C.
